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Au, Pt, Ag, Sb, Te, In and Ge we're precipitated by a salt-reducing agent reaction into the 
pores of Nuclepore membranes 10 to 600 nm pore size range. The precipitates form filament- 
like structures inside the pores and a dendritic growth on the surface. The permeation of water 
as a function of pore size in the Nuclepore membranes was measured by tracing the diffusion 
through the membrane with tritium. The results are modelled and theoretical predictions are 
compared with the experimentally observed kinetics for metal deposition in the membranes. 
Also the d.c. electrical properties of the metal precipitates were measured. The anisotropic 
electrical properties of these systems are dictated by the morphology of the precipitated metal 
on the membrane. 

1. In troduc t ion  
Electrochemical or chemical reactions coupled to an 
ion transport process through a polymer membrane 
may lead to precipitation of metallic and non-metallic 
interlayers, or to a set of periodic interlayers parallel 
to the membrane surface. Examples of  the above are: 
sharply defined layers of BaSO4 in agar [1]; precipitate 
membranes [2]; electrochemical deposition of metals 
in an electroactive polymer [3, 4]; electroless depo- 
sition of silver as an interlayer within polymer films 
[5, 6]. 

In this work the formation of microfilament struc- 
tures of  metallic and semi-metallic nature inside 
Nuclepore (NP) membranes and perpendicular to the 
membrane surface is presented. These microfilament 
structures are created by counter-current diffusion 
of a salt and a reducing agent from opposite sides 
of a NP membrane. These hydrophilic polyvinyl- 
pyrrolidone (PVP) coated polycarbonate membranes 
have straight-through pores created by a two step 
process of  irradiation and etching, distributed ran- 
domly and penetrating the surface at an angle of 
incidence of _+ 34 ~ [7, 8]. Upon the encounter of the 
two diffusional fronts, the salt from one side, and the 
reducing agent from the other side, inside the pores of 
the NP membrane a precipitation of a metal or semi- 
metal, or a semi-conductor is achieved in the form of 
thin filaments filling the pores. The diameter of the 
filaments is controlled by the pore size, characteristi- 
cally in the range of 10 to 600nm. The uniformity of 
the filament diameters is dictated by the uniformity 
of the NP pores which is better than 20%. In this 
work we present the formation of micro-filaments of 
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gold, platinum, silver, nickel, antimony, and indium 
metals, a semi-metal tellurium and a semi-conductor 
germanium. We have studied the permeation of plati- 
num through the NP membranes as a function of pore 
size. We followed precipitation kinetics of some of the 
metals and the morphology of  the deposited filaments. 
We investigated the electrical d.c. conductivity of 
these metal polymer composites parallel and perpen- 
dicular to the membrane surface as a function of pore 
size. 

2. Experimental procedure 
NP membranes were purchased from Nuclepore 
Corporation in the size range of 10 to 600nm pore 
size. These membranes were equilibrated in triple dis- 
tilled water for a few hours before the precipitation 
experiments began. All solutions were prepared using 
triple distilled water and using analytical grade 
reagents. The conditions for the precipitation of 
metals and semi-metals in NP membranes are sum- 
marized in Table I. The NP membranes were mounted 
into a diffusion PMMA cell, stirred on both sides with 
magnetic stirrers, see Fig. 1, the volume of the sol- 
utions on both sides of the membrane was 17 ml and 
the surface exposed to solutions was 5 cm 2. The exper- 
iment was begun by simultaneously adding 17ml of 
the salt solution on one side of the membrane and a 
reducing agent on the other. After countercurrent 
exposure for a desired time, both halves of the cell 
were quickly emptied and washed with excess water. 
All experiments were performed at 25 ~ C. Surface d.c. 
conductivity of the membrane metal composite was 
measured between the centre and the ring of  a bull's- 
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T A B L E  I 

Metal Salt Salt 
concentration 
(10 3 M) 

Solvent Reducer Solvent Time of NP pore 
concentration reaction size 
(10 -~ M) (min) (nm) 

Au NaAuCI 4 ' 2H20 10 

Pt H2PtCI 6 �9 6H20 5 

Ag AgBF 4 1 

Ni NiC1, �9 H20 50 

+ Ni(CH3CO2) 2 �9 4H20 20 
+ 10% NH4OH 

Sb K(SbO) Tartarate 23 
I/2 H20 

In lnC13 80 
Tartaric acid 204 

Te TeCI 4 88 

Te TeC14 80 

Te TeC14 80 

Ge GeCl 4 I00 

H20 

H20 

HeO 

H20 

H20 

H2O 

Ethylene 
Glycol 

Ethanol 
Absolute 

Ethanol 
Absolute 

Ethanol 
Absolute 

[NaBH4] = 20 H20 2 - 120 10, 50, 
100, 400 

[NaBH4] = 2 H2O 2 45 10, 50, 
100, 400 

[NaBH4] = 10 H20 18 50 

[KBH4] - 10 10% Ethanol 2 x 10 100 

1% NH4OH 

[KBH4] = 210 10% Ethanol ~ 5  100 
3% NH4OH 

[KBH4] = 5.2 5% Ethanol 15 100 
0.15% NH4OH 

[KBH4] = 60 Ethylene 5 - 125 100 
Glycol + 1% 
KOH 5M 

[NaBH4] = 56 80% Ethanol 5 - 125 100 
20% H20 

[NaBH4] = 100 70% Ethanol 5 -  125 10 
30% H20 

[KBH4] = 60 Ethylene 24 10 
Glycol + 1% 
KOH 5M 

eye gold pattern spattered on the membrane's surface 
using indium pressure contacts. Conductivity perpen- 
dicular to the surface, through the membrane, was 
measured between two 1 cm 2 indium disks pressed 
against the membrane. 

3.  R e s u l t s  
The morphology of gold, platinum and tellurium 
inside 100 nm pores was studied by transmission elec- 
tron microscopy (TEM) and by scanning electron 
microscopy (SEM). A TEM micrograph taken for a 
gold deposit shows that at the beginning of the pre- 
cipitation process small crystallites of gold grow on 
the pore walls, see Fig. 2; subsequently the pores are 
filled as shown in Fig. 2 for a tellurium deposit. As the 
pores are filled a dendritic growth appears on both 
sides of the membrane; on the dull side of the mem- 
brane, which faces the salt solution during the depo- 
sition process, the dendrites are feather like, and 
needle like dendritic growth is observed on the smooth 
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Figure 1 Diffusion cell set up: 1 transparent cell; 2, 4 clamp assembly; 0.2087 
3 stirring propeller and magnet; 5, 6 shaft for stirrer. 0.3860 

shining side. These morphologies are shown in SEM 
micrographs in Fig. 3. X-ray diffraction was used to 
verify pure metallic gold, platinum and tellurium in 
the precipitate. The measured tellurium lines are tabu- 
lated against PDF values in Table II. 

The kinetics of deposition for gold and platinum in 
a 10 nm pore size membrane from an aqueous solution 
are shown in Figs 4 and 5. Tellurium precipitation 
kinetics from ethylene glycol in a 100nm pore size 
membrane are shown in Fig. 6. An almost linear 
uptake of metal is observed in the first 10 to 20min 
time period followed by a saturation phenomenon. 

The d.c. surface resistivity, as measured on the dull 
side of the membrane, was measured as a function of 
metal loading in 100nm pore size membranes. We 
observe high anisotropy of resistivity for the lowest 
loading value of ~ 0 . 1 m g c m  -2 (Fig. 7). The trans- 
verse resistivity is ~ 17 f~ cm -2 (Fig. 8) and the mem- 
brane thickness is 6 x 10 -4 cm. Isotropic behaviour 
should yield a value of ~ 3 x 104 ~) per unit area for 
the surface resistivity, we observe however ~ 108 f* per 

T A B L E  II  

dpD v (rim) 1/11 d, ....... a (nm) Strength 

0.3230 100 0.321 S 
0.2351 37 0.234 M 
0.2228 31 0.223 MW 
0.1980 8 0.196 W 
0.1835 20 0.183 W 
0.1781 7 0.176 VW 
0.1616 12 0.161 W 
0.1479 13 0.t46 W 
0.1383 7 0.137 VW 

0.117 VW 
11 0.205 VW 
20 0.386 W 
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Figure 2 (a) Early stages for the deposition of  gold in a 100 nm pore size NP membrane. (b) Late stage for deposition of tellurium in a 100 nm 
pore size NP membrane. 

square. This anisotropy disappears for higher loadings 
of the tellurium metal. 

4. Discussion 
To estimate the deposition rates of  various metals in 
NP membranes from aqueous solutions it is enough to 
know the value of the permeability of  water per unit 
pore area, the number of pores per unit area of mem- 
brane, as well as its thickness. This is true only when 
the diffusion step of the salt and the reducer in the 
pore is slow in comparison to the kinetics of  the 
reduction process. Also it is assumed that the diffusion 
of various ions under study is of  the same order of  
magnitude as that observed in water. To characterize 

the diffusion of water through the NP membranes we 
used tritiated water on one side of  the membrane 
(2 • 10 e m q m l  ~) and regular water on the other. 
100/~1 samples were taken at 1 min intervals to measure 
the permeability. In the following discussion the tri- 
tiated water is referred to as solute. 

Consider the following set-up. Two cells separated 
by a Nuclepore membrane of width l, and average 
pore density N pores per unit area. Each pore being of 
radius r. In one cell we put solvent with a solute of  
concentration Co, and in the other cell pure solvent. 
The liquid in each cell stirred by a magnetic stirrer 
rotating at angular velocity co. Hydrodynamic theory 
tells us that near the walls of  the cell, and this includes 

Fij,,ure 3 Dendrite growth of tellurium in a late stage of deposition. (a) Bright shiny side of the membrane facing the reducing agent. (b) Dull 
side of the membrane facing the tellurium salt during the precipitation process. 
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Figure 4 Deposition kinetics of gold in a 10nm pore size NP mem- 
brane. NaAuC14. 2H20-0.01M in water - NaBH 4 0.02M in 
water. 
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Figure 6 Deposition kinetics of tellurium in a 100 nm pore size NP 
membrane. TeCI4-0.08M in Ethyleneglycol - KBH4-0.06M 
Ethyleneglycol + 0.5ml KOH 5M in 50ml solution. 

the membrane, there is a layer in which the flow is 
laminar of width W ~ (v/~o) ~/2, where v is the kin- 
ematic viscosity of the solvent. In this layer we don' t  
have turbulent mixing, and we assume that mass 
transport across flow lines occurs via diffusion alone. 
There exists a concentration gradient in an area 
around the membrane. The average thickness of this 
region, L, is smaller than W since the kinematic vis- 
cosity is much greater than the diffusion coefficient, in 
the system under study (water) [10]. 

We are interested in the permeability of the mem- 
brane to the solute. To obtain an expression for the 
permeability we note that the amount  of solute diffus- 
ing through the membrane is proportional to the area 
of  the membrane, A, the concentration difference 
between the cells, AC, the amount of  time allowed, t, 
and inversely proportional to the width of  the mem- 
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Figure 5 Deposition kinetics of platinum in a 10nm pore size NP 
membrane. H2PtC16 �9 6H20-0.005 M in water - NaBH4-0.02 M in 
water. 

brane, l. 

A A C t  
AQ oc I (1) 

The proportionality constant is the permeability P. 
Under equilibrium conditions the value obtained for 
P (for these membranes) would be D x N ~ r  2 the 
diffusion coefficient of the solute in the solvent, multi- 
plied by the effective open area. However, in our set 
up we don't  have equilibrium, we have a steady state, 
and under these circumstances P is slightly more 
complicated. 

The region of interest is the unstirred boundary 
layer on both sides of the membrane, and the mem- 
brane itself. In Fig. 9 we label the region to the left of 
the membrane, a, the membrane, b, and the region to 
the right, c. The concentration of solute outside of the 
unstirred layers is kept uniform by stirring, so the 
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Figure 7 Surface resistivity of tellurium deposit in 100 nm pore size 
NP membrane as a function of metal loading. 
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Figure 8 Transverse resistivity of  tellurium deposit in 100 nm pore 
size NP membrane as a function of  metal loading. 

concentration gradient in this region is zero. We assume 
that the amount of solute which diffuses through a, b 
and c is large enough to be measured, but too small to 
change the concentrations in the stirred regions. In 
addition we assume a steady state situation, therefore 
the amount of solute per unit time, AQ/ t ,  diffusing 
through each of the three regions a, b, c must be equal, 
i.e. 

AQ. AQb AQ. 
t t t 

(2) 

Now the amount of solute per unit time per unit 
area is the flux density, therefore A Q / t  = JA ,  where A 

c 1 C 2 

h L -~- L / 

- - - 5  2 r  t _ _  
! t - -  

t [ 

= = = -  Fc3-z 

t f , p , 
I t ~ 

I ,, ! - - X  
0 L L+I 2L+l 

Figure 9 Schematic representation of the diffusion layers on both 
sides of  the Nuclepore membrane.  

is the area across which the diffusion is taking place, 
and J is the flux density. Using these facts Equation (2) 
becomes 

J, Aa = JbAb = JcAc (3) 

Using Fick's Law, J = D A C / x ,  where D is the 
diffusion coefficient and A C / x  is the concentration 
gradient over distance x, and using the fact that 
A, = Ac and At, = N z r 2 A ,  (the open area in the 
membrane) in Equation (3) yields 

D Co - Ct _ DN~zr ~_ C 1 - C~ _ D C~ - C3 
L l L 

(4) 

where L is the width of the unstirred boundary layer, 
I is the membrane width, N is the pore density, r is the 
pore radius, Co is the concentration in the right cell, C~ 
is the concentration on the right edge of the mem- 
brane, C2 is the concentration on the left edge of the 
membrane and C3 is the concentration in the left cell. 

From this equation we obtain 

C 0 -  Cl = C 1 -  C2 (5) 

and 

C 0 - -  C 1 C 1 - C 2 
L - N~t~ l (6) 

N~t~ C~ - (72 C2 - C3 
- ( 7 )  

l L 

Solving Equation (5) for (72 and using this result in 
Equation (6) and solving for Cl, we find 

' )-  ]/ 

Similarly, solving Equation (5) for C~ and using this 
result in Equation (7) and solving for C2, we get 

= _ _  + 

(1 2".-;-') 
Therefore 

C o -  C3 
= (10) 

C, - C, 2 L N T z r 2 ( 5 )  + 1 

which we choose to express as 

c 0 - c  

Now, applying Fick's law to the membrane, and using 
Equation (11), we find 

CI - C2 D/ l  
- -  - 2 ( C o  - C3) 

Jb = D l L [ ( 2 ~ N _ ) ' / 2 r ]  + 1 

(12) 
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and 

AQ DNrcr2 C o -  G 
- - J b A b  - i ( ~ ] l / 2 r ] 2  x , 

t L + 1  
L \ ~ /  A 

(13) 

Compar ing  Equa t ion  (13) with Equa t ion  (1), we see 
that the permeabil i ty of the membrane  is given by 

DNTzr 2 
P = 2 (14) 

L I ( ~ ) ' 1 2 , ' I  + '  

and per unit  pore area 

P D 

Po = N1rr 2 L ~ [ -  r + 1 

We can express P0 entirely in terms of geometrical 
parameters  of the system, by not ing  that if there are N 
pores per unit  area, and N = l /d  2, then d is the 

distance between pores. Then  Equa t ion  (15) would 

become 

D 
P0 = _ (16) 

In view of our  theory, we do a least squares fit of  the 

data to the equat ion  

D 
Po - L x  2 + 1 (17) 

where x = (2~/l)~/2(r/d) is a variable which uniquely  

defines a membrane ,  P0 is the measured value of the 
permeabil i ty per uni t  pore area, and  D and L are 
parameters  to be determined by the min imiza t ion  pro- 

cess. Therefore,  we wan t  to minimize 

~ ,  P0, Lx~+ 1 (18) 

Differentiat ing Equa t ion  (18) by D and  setting equal 

to zero, yields 

Po, / ~ 1 (19) 
D = ,=,i fix 2 4- 1 / i ~  (,x~ 4- 1) 2 

Similarly, differentiating Equa t ion  (18) by L and 

TAB L E I I I Permeabilities of tritiated water 
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Figure 10 Permeability per unit pore area for water as a function of 
membrane "'geometry". x - average value; @- - measured values. 

setting equal to zero, gives 

i 2 i n P~ / V x~ (20) 
? 2 / ,  D = ,=, (flx7 4- 1) / ;=,  (flxy + 1) 3 

The value for D obtained from Equat ions  (19) and 

(20) should be equal; this gives an implicit equat ion  

for L which is then solved numerically.  The value of L 

is then used in either Equa t ion  (19) or Equa t ion  (20) 

to obta in  D. 
We observe that  the above analysis fits the experi- 

mental  data well, see Fig. 10; the cont inuous  line repre- 
sents the best fit, with DIH~O 1 = 3.17 • 10 5 cm 2 sec 

and L = 0.07cm as parameters.  The value for D is 
comparable  to that quoted in the li terature [9]. We 

observe that the permeabil i ty per unit  pore area 

decreases as the pore size increases - a result which 
is not  intuit ively trivial. The data  for a series of  

pore sizes in the range 10 to 6 0 0 n m  is tabula ted in 

Table  [II. 
We can now estimate the amount ,  Q, of p la t inum 

for example, deposited inside the pores of a 10 nm pore 

size membrane  after 5min ,  and compare  with the 

experimental  data  in Fig. 5. 

Q Po t M W  m 
= - -  x C~.Ap (21) 

1 MW,~ ,  

where C, is the concent ra t ion  of the p la t inum salt, and 

Ap is the total pore area per unit  area of membrane .  

Pore diameter Area of pore N pores Tota pore area 
(#m) ( • 1@ 3 c m  2) (per cm 2) ( • 10 4 c m  2) 

Permeability/ P e r m e a b i l i t y  Permeability per 
membrane area per pore unit pore area 
cm-'sec -~ x 108 cm-'sec ' • 10 '7 cm2sec J x 105 

0.01 7.8 6 x 10 n 4.2 
0.0I 7.8 6 x l0 s 4.2 
0.03 70.7 6 x I08 42.4 
0.03 70.7 6 x l0 s 42.4 
0.05 196.3 6 x l0 s 117.8 
0.05 196.3 6 x 108 117.8 
0.08 502.7 6 x l0 s 301.6 
0.08 502.7 6 x l0 s 301.6 
0.1 785.4 3 x 10 s 235.6 
0.2 3141.6 3 x 10 s 942.5 
0.6 28274.3 3 x 107 848.2 
0,6 28274.3 3 x 107 848.2 

1.4 2.3 2.9 
1.3 2.1 2.7 
6.1 10.1 1.4 
7.0 i1.7 1.7 
8.0 13.4 0.7 

I 1.2 18.7 0.95 
8.6 14.4 0.3 

1 1.4 ! 8 .9  0.4 
7.8 26.0 0.3 

24.6 82.0 0.3 
15.1 503.4 0.2 
22.3 743.5 0.3 

2 0 6 1  



Substituting into Equation (21) the proper values 
from Table III for a 10 nm pore size membrane we get 
a platinum loading of 6 • 10 -6 grcm -2 as compared 
to 2 x 10 4 grcm-2 observed experimentally. A direct 
measurement for the platinum salt in a conductometric 
experiment yields for P a value of 6.7 x 10 5 cm 2 sec-1 
which gives a loading of 1.4 x 10 -5 grcm -2. This 
discrepancy is apparently due to the dendritic mor- 
phology of the metal deposit. As shown by the TEM 
results (Fig. 2b), within the pores the precipitate forms 
needles whose major axes are oriented parallel to the 
pore. Because these materials are conductors, it is only 
necessary for the reagents to diffuse to opposite ends 
of each needle for reaction to occur. Once the length 
of the needles have grown to a significant fraction of 
l, this heterogeneous growth mechanism can proceed 
faster than the initial homogeneous reaction. This 
suggests that the electrical properties are strongly 
influenced by the anisotropy of crystalline growth and 
might be altered by the use of nucleating agents or 
other conditions which influence heterogeneous kin- 
etics. SEM micrographs show that most of the metal 
is deposited in the dendritic form on the surface of the 
membrane. This phenomenon also explains the high 
anisotropy in d.c. conductivity observed in the early 
stages of deposition. At those stages indeed most of 
the precipitate is formed inside the membrane and thus 
a morphology of metallic mostly independent fila- 
ments is observed. Thus the specific conductivity 
through the membrane is ~ 103 times larger than the 
surface conductivity. When the dendritic growth is 

developed the filaments are connected through the 
dendrites and isotropic conductivity is observed. 
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